The adsorptive interactions of 2-propanol (2-PrOH) molecules with silica surfaces were investigated using ab initio and density functional calculations. Two cluster models of silica were chosen to represent the terminal ≡SiOH groups and the siloxane bridges ≡Si-(O) 2 -Si≡ on the silica surface. The Hartree-Fock (HF) and Density Functional Theory (DFT) approaches, employing a 6-31G(d) basis set, were used to calculate the geometries, electronic structures, vibrational frequencies and adsorption energies of the adsorption complexes formed. The calculated adsorption energies were corrected for zero-point vibrational energies (ZPVE) and basis set superposition errors (BSSE). The results favoured a most likely surface configuration for the physisorbed species in which 2-PrOH molecules are bound to exposed silanol groups via two hydrogen bonds, with the alcoholic -OH group acting simultaneously as a proton acceptor and donor. Moreover, bonding of 2-PrOH with strained surface siloxane bridges (≡Si-O-Si≡) was shown to lead to chemisorption of the alcohol molecule. These findings have been shown to help interpreting reported infrared spectroscopic results of in-situ experimental studies.
INTRODUCTION
The chemical compound silicon dioxide, also known as silica, is an oxide of silicon with the chemical formula SiO 2 and has been known for its hardness since antiquity. Silica is most commonly found in Nature as sand or quartz, as well as in the cell walls of diatoms. Silica exists in various forms, including crystalline, microcrystalline and both hydrated and anhydrous amorphous forms. As in the general case of metal oxides, the catalytic activity of silica is explained by its surface acid-base properties. Whereas silica is considered as the simplest oxide system, dehydration at high temperature results in the generation of isolated hydroxy groups (silanols, ≡Si-OH) and siloxane bridges (≡Si-O-Si≡) at the surface (Young et al. 1989 ). Due to the highly insulating character of its bulk structure, mutual interaction of the hydroxy groups in silica is negligible (Iler 1997) .
The experimental evidence (Iler 1997; Hertl and Hair 1968; Valenzuela and Myers 1989) for the interaction of silica surface -OH groups with polar molecules is considerable. A review by Knözinger (1976) listed 95 such molecules, and more have been studied since. In contrast with the abundance of experimental evidence, there are comparatively few theoretical studies of the subject (Sauer and Zahradink 1984; Chakoumokoss and Gibbs 1986; Pelmenschikov et al. 1992a,b) . However, these studies illustrate that through the implementation of ab initio molecular orbital (MO) calculations it is possible to obtain the knowledge necessary for the modification and design of adsorbents with desirable characteristics (Suzuki et al. 1995) .
The successful application of quantum chemical molecular models to the interpretation of the infrared (IR) spectral features of the intrinsic properties and reactivity of -OH groups exposed on metal oxide surfaces (Zhidomirov and Kazansky 1986; Senchenya et al. 1986; Pelmenschikov et al. 1989 ) sustains this approach as being no less effective than similar studies on more complex surface sites and adsorbed species. Amongst these are the surface 2-propoxide species [(CH 3 ) 2 CH(O -)], which have been considered Zaki et al. 1990 Zaki et al. , 2001 Zaki and Sheppard 1983; Nashed et al. 1995; Hasan et al. 2002; Lahousse et al. 1994; Iglesia et al. 1997) as key reactive intermediates for the dehydrogenation of 2-PrOH to acetone and its dehydration to propene. The catalytic decomposition of 2-PrOH on metal oxide (MO x ) surfaces has for long been considered a straightforward surface-probe reaction (Hasan et al. 2002; Lahousse et al. 1994) , in which the alcohol adsorptive interactions with surface acid-base sites (coordinatively unsaturated M n+ , OH, O 2or OHsites) lead to dehydration [equation (1)] and/or dehydrogenation [equation (2) 
where s = surface and g = gas.
On the other hand, the availability of surface redox metal sites (M n+ /M (n -1)+ ) can also enhance alcohol dehydrogenation, as depicted in equation (3) 
Thus, the dehydrogenation of 2-PrOH is not solely dependent on the availability of surface acid-base sites. Moreover, the dehydration and dehydrogenation reactions of 2-PrOH have been increasingly utilized to probe the density and chemical properties of acid-base site pairs (Iglesia et al. 1997) . The underlying principle is the base site-effected deprotonation of the alcohol, which is activated by the acidity of the metal coordination site of the alcohol molecule. Such cooperative bifunctional interactions stipulate the co-existence of the involved acid and base sites within molecular distances. Otherwise, a rapid transfer of intermediates would lead to kinetic coupling between distant sites and sequential bifunctional pathways (Iglesia et al. 1997) .
In-situ IR observations of 2-PrOH adsorptive and catalytic interactions with silica surfaces (Hasan et al. 2002; Mekhemer 1995) have shown that, following the irreversible adsorption of the alcohol molecules at room temperature (RT), the strong silanol ν(O-H) absorption band at 3743 cm -1 is significantly weakened and a broad band emerges at ca. 3320 cm -1 . These modifications have been considered (Hasan et al. 2002; Mekhemer 1995) to be indicative of H-bonding of the alcohol to the surface silanol groups. This is supported by the spectra shown in Figure 1 . Thus, the spectrum measured over the ν(C-H) region [ Figure 1 (a)] displays three absorptions at 2977, 2939 and 2893 cm -1 , which are comparable to those observed at 2980, 2972 and 2888 cm -1 for the ν(C-H) vibrations of gas-phase 2-PrOH molecules (Hasan et al. 2002) . The slight frequency shifts are understandable in view of the more close packing of molecules in the adsorbed phase (liquid-like) than in the gaseous phase. Indeed, liquid-phase 2-PrOH also exhibits three ν(C-H) absorptions; however, these occur over a narrower frequency range (2950-2900 cm -1 ) than that over which the ν(C-H) absorptions of adsorbed 2-PrOH occur. On the other hand, the spectrum of 2-PrOH/silica taken over the lower frequency range of 1800-800 cm -1 [ Figure 1 (b)] shows two absorptions (1467 and 1431 cm -1 ) in the δ asym (CH 3 ) frequency range, three absorptions (1378, 1342 and 1311 cm -1 ) in the δ sym (CH 3 ) range and a strong absorption at 939 cm -1 due to δ′(CH 3 ) vibrations . In comparison with the IR spectrum shown by gas-phase 2-PrOH (Hasan et al. 2002) , this spectrum [Figure 1(b) ] is entirely devoid of absorptions due to δ(OH) at 1250-1220 cm -1 , ν(C-O) at 1170-1130 cm -1 and ν(C-C) at 1070-1050 cm -1 . These results may indicate that (i) the -OH group of adsorbed alcohol is not free to bend and (ii) the alcohol molecules are adsorbed dissociatively in the form of 2-propoxide species onto silica surfaces.
The alcohol molecules remained intact up to ca. 300 o C upon heating 2-PrOH vapour over silica. However, above this temperature, a small amount of acetone molecules was observed in the gaseous phase (Mekhemer 1995) . In the absence of 2-propoxide species on the silica surface, Knözinger and Stuhlin (1980) suggested that slight dehydrogenation of the alcohol occurred via Mekhemer (1995) ]. surface intermediates (Scheme 1, structures II and III) formed through chemisorptive interactions of the alcohol molecules with strained (reactive) siloxane bridges (Scheme 1, structure I). According to these workers, structure II is a short-lived intermediate which occurs during the reaction of siloxane bridges with a reactive alcohol, such as methanol or ethanol, and that the most stable surface structure is structure III. This description may be supported by the reaction of silica surfaces (at 200 o C) with methanol molecules, which eliminates preferentially strained siloxane bridges (Mertens and Tripiat 1973) .
The bulk structure of silica consists of SiO 4 tetrahedra covalently linked to each other through oxygen atoms (Flörke and Martin 1998) . The various crystalline and amorphous forms of silica differ only in the arrangement of the SiO 4 units (Iler 1997) . Recently, the structure and reconstruction of silica have been studied using large surface models, such as slabs, chains, rings or cages (Birk et al. 1983; Ronay and Latta 1985; Peuckert 1985) . Small surface models have been employed in the study of adsorbate-adsorbate interactions, such as water (Cypryk 1997; Ferrari et al. 1993; Ugliengo et al. 1990 ), nitrogen (Garrone et al. 1992) , hydrogen (Garrone et al. 1992; Vitiello et al. 2000) and organic hydrocarbons (Pelmenschikov et al. 1992a,b; Ugliengo et al. 1996) . In these studies, various levels of theory have been used, viz. HF, MP2 (second-order Møller-Plesset perturbation theory) and DFT.
A cluster approach has been adopted in most of the theoretical calculations performed hitherto. This is particularly feasible if account is to be taken of the covalency of SiO 2 . The simplest molecule that can be used to mimic the surface hydroxy group on SiO 2 is H 3 SiOH. Hobza et al. (1981) have also tried the more realistic orthosilicic acid, H 4 SiO 4 . Geometry, interaction energies and, in some instances, vibrational modes have been determined (Sauer and Zahradink 1984; Sauer 1987; Greerlings et al. 1984) .
In the present work, the theoretical study is used to interpret the IR spectra (Hasan et al. 2002; Mekhemer 1995) for 2-PrOH adsorption onto the surface of a silica cluster. The present theoretical studies were designed to help in accomplishing the following objectives: (i) elucidating the (Knözinger and Stuhlin 1980). physisorbed and chemisorbed species of 2-PrOH on silica; (ii) predicting the corresponding energetics theoretically; and (iii) identifying and assigning the different vibrational modes of the adsorbed species. In the present paper, an attempt has been made to study the 2-PrOH/silica system from a theoretical point of view, rather than reproduce the experimental examination to which this system has been subjected repeatedly.
METHODOLOGY AND CALCULATIONS

Computational method
Quantum chemical calculations (Clark 1985; Hehre 2003) were carried out at the HF level with the DFT method at B3LYP and B3PW91 levels using the 6-31G(d) basis set (Hehre 2003) . All these calculations were undertaken using Gaussian 03 and Gaussian View packages with the gradient optimization procedures. The B3LYP functional is
Theoretical Study of the Adsorption of 2-Propanol onto Silica Surfaces 219 (S1) (S2) Figure 2 . Molecular models for silanol (S1) and siloxane (S2) groups exposed on silica surfaces. composed of Becke's three-parameter hybrid exchange functional (B3), as implemented in Gaussian 03, and the correlation functional of Lee, Yang and Parr (LYP). B3PW91 specifies the same functional with the non-local correlation provided by Perdew/Wang 91. The geometries were optimized using the standard techniques implemented in the Gaussian 03 packages. Harmonic vibrational frequencies were calculated to confirm the nature of the stationary points and to provide the zero-point vibrational energy (ZPVE). Vibrational frequencies were computed using analytical second derivatives. Unscaled zero-point vibrational energies (ZPVE) were also evaluated at the same level of theory. The interaction energy (here called the adsorption energy) was computed as the difference between the energy of the optimized adsorption complex (molecule-cluster) and the energy of the reactants, i.e. the sum of the energies of the optimized isolated fragments of molecule and cluster. ZPVE corrections were made to the adsorption energy. Corrections to the adsorption energies for the basis set superposition error (BSSE) were estimated by the counterpoise method (Scheiner 1997) and this was only calculated for the H-bonded complexes. The frequencies computed for all species studied here were scaled by scaling factors (Scott and Radom 1996) which depended on the type of basis set used.
Molecular models
The modelling of heterogeneous catalysts requires the calculation of surface and adsorbate models and their combinations (Suvanto et al. 2000) . The choice of a suitable surface model is complicated in the case of silica, since it exists both in an amorphous form or different crystal structures exposing various surface-site geometries (Suvanto et al. 2000) .
In the present investigation, a cluster model of silica, [OSi(OH) 3 ] 3 SiOH, was chosen as a model for the terminal ≡SiOH group. This was cut from the bulk crystal structure, with broken bonds being terminated with hydrogen atoms to minimize any undesirable edge effects (Figure 2 , model S1). Model S2 in Figure 2 is used to represent the siloxane bridge [≡Si-(O) 2 -Si≡] of the silica surface.
The molecular models adopted to represent the physical and chemical adsorption of 2-PrOH onto silica discussed in the present investigation are analogous to those suggested in reported quantum chemical studies of methanol adsorbed onto silica (Pelmenschikov et al. 1992a,b) . Three models, SP1, SP2 and SP3 (Figure 3 ), were considered in discussing the physical adsorption of 2-PrOH onto silica. In considering the chemical adsorption of 2-PrOH onto silica, two different models are suggested in line with experimental observations (Hasan et al. 2002; Mekhemer 1995) . One model (SP4 in Figure 4 ) is believed to arise through chemisorptive interaction with the surface silanol groups (Scheme 2), whereas the other (SP5 in Figure 4 ) is considered to form via 2-PrOH association with "strained" siloxane bridges (Scheme 3). 
RESULTS AND DISCUSSION
The free 2-PrOH molecule
Although various experimental studies (Zaki and Sheppard 1983; Hasan et al. 2002; Mizukami and Kurihara 2003) have been carried out, they have often been mainly concerned with the determination of the geometrical parameters and vibrational frequencies of the free 2-PrOH molecule ( Figure 5 ). The optimized geometries of the free 2-PrOH molecule, viz. the bond lengths and angles, calculated at the HF, B3LYP and B3PW91 levels using the 6-31G(d) basis set (see Table  SM1 , Section 5), indicate that the O-H bond lengths calculated at the HF level are shorter than those calculated at the B3LYP and B3PW91 levels. On the other hand, the C-O bond lengths calculated at the HF and B3PW91 levels have been found to be shorter by 0.021 Å and 0.0007 Å, respectively, than those found at the B3LYP level. Experimentally, nine IR-active vibrations have been observed for gas-phase 2-PrOH molecules at room temperature Hasan et al. 2002) . These bands are due to ν(O-H) (3657 cm -1 ); ν(CH 3 ) asym (2980 and 2972 cm -1 ); ν(CH 3 ) sym (2888 cm -1 ); δ(CH 3 ) asym (1462 cm -1 ); δ(CH 3 ) sym (1382 cm -1 ); δ(O-H) (1251 cm -1 ); ν(C-O) (1152 cm -1 ); and ν(C-C) (1072 cm -1 ). For the free 2-PrOH molecule, there are 30 (3N -6, where N = 12) vibrational modes. Some of these vibrations are presented in Table SM2 . The calculated frequencies were scaled by factors of 0.8953, 0.9614 and 0.9573 where the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels were used, respectively (Scott and Radom 1996) . The IR spectrum obtained by G03 with the HF/6-31G(d) basis set (without scaling) is shown in Figure 6 .
The silica surface
The optimized geometries of molecular models for the terminal -OH group of silica (S1; Figure 2 ), and the siloxane bridge (S2; Figure 2 ) are presented in Tables SM3 and SM4, respectively. Table SM3 reveals that the B3LYP and B3PW91 levels give approximately the same results for the bond lengths and angles.
In model S2, in which the two silica clusters form a four-membered ring, the Si 1 -O 2 , Si 1 -O 3 , Si 4 -O 2 and Si 4 -O 3 bond lengths are respectively 1.749, 1.732, 1.744 and 1.728 Å at the HF/6-31G level and 1.691, 1.683, 1.670 and 1.679 Å at the B3LYP and B3PW91 levels. (Gibbs 1982) . Calculations of the vibrational frequency of the silica cluster at the HF level account for a strong silanol ν(O-H) absorption at 3708.12 cm -1 with 146.597 km/mol intensity at the 6-31G(d) level, while at the B3LYP level with the 6-31G(d) basis set the absorption is at 3673.30 cm -1 with 102.5 km/mol intensity. Experimentally, this Si-OH bond has been shown to assume an obvious acidic character (Hasan et al. 2002) .
Physical adsorption of 2-PrOH molecules onto the SiO 2 surface
Geometries and energies
The main optimized geometrical parameters determined at the HF, B3LYP and B3PW91 levels with the 6-31G(d) basis set of the molecular models SP1, SP2 and SP3 ( Figure 3 ) for 2-PrOH physisorbed onto silica are compiled in Table 1 . When the geometrical parameters obtained for free 2-PrOH (Table SM1 ) are compared with the data in Table 1 , it is evident that at the HF level the C-C bond length is elongated by 0.002 Å for model SP2 and by 0.001 Å for models SP1 and SP3. On the other hand, at the same level, the C-O bond length is elongated by 0.006, 0.007 or 0.004 Å for models SP1, SP2 and SP3, respectively.
On comparing the bond angles of the adsorbed 2-PrOH molecule (Table 1) with those obtained for the free molecule (Table SM1) at the HF level, it is clear that the C-O-H angle is increased by 0.3º for model SP1 and SP3, and decreased by 0.1º for model SP2. Wavenumber (cm -1 ) Figure 6 . IR spectrum calculated for the free 2-PrOH molecule using G03 at the HF/6-31G(d) level.
Calculations at the B3LYP and B3PW91 levels with 6-31G(d) show that, for the three models (SP1, SP2 and SP3), the two C-C bond lengths (Tables 1 and SM1 ) remain approximately constant upon adsorption. The length of the C-O bond is elongated by 0.01, 0.012 and 0.009 Å for models SP1, SP2 and SP3, respectively, at the B3LYP level and by 0.019, 0.011 and 0.009 Å for SP1, SP2 and SP3, respectively, at the B3PW91 level. It is also clear from the data listed in Table 1 that, at the B3LYP level, the C-O-H bond angle is elongated by 0.5º for models SP1 and SP3 and by 2.5º for model SP2 on going from free 2-PrOH to the adsorbed state.
A thorough inspection of the results given in Table 1 shows that the bond lengths and angles of the molecular models concerned are somehow different for the three levels considered, particularly for the hydrogen bond, O ... H.
In model SP1 (Figure 3 ), there is one hydrogen bond, O 3 ... H 2 , whose length varies as the level of theory is changed. The shortest bond length (1.858 Å) is obtained at the B3PW91 level, while the longest (2.060 Å) is obtained at the HF level. The H 2 ... O 3 -H 3 angle is 116.0º [HF/6-31G(d)], 112.3º [B3LYP/6-31G(d)] and 111.9º at B3PW91/6-31G(d).
In model SP2 (Figure 3 Comparison of the hydrogen bonds in the three models shows that model SP3 has the strongest hydrogen bond amongst the three models because those in models SP1 and SP3 are shorter.
The adsorption energies obtained, with and without ZPVE and BSSE corrections [corrected adsorption energy (ADE c ) ( Figure 7 ) and uncorrected adsorption energy (ADE un )] for the interaction of 2-PrOH with the surface of silica are listed in Table 1 . At the HF/6-31G(d) level, the results obtained also show an energetic preference for model SP3 which has the highest exothermic adsorption energy (ADE un = 39.68 kJ/mol, ADE c = 38.50 kJ/mol), but in this case the ZPVE and BSSE corrections make a significant contribution to the result. The differences between ADE c of model SP3 and those of models SP1 and SP2 are 9.11 and 8.45 kJ/mol, respectively.
Calculations at the B3LYP and B3PW91 levels with the 6-31G(d) basis set also show that model SP3 has the highest corrected adsorption.
From the above discussion, it is clear that model SP3 most closely represents the physical adsorption of 2-PrOH onto the surface of silica.
Vibrational analysis
Vibrational analysis performed at the HF and DFT levels for the physical adsorption of 2-PrOH onto silica suggested that all these models (SP1-SP3, Figure 3 ) are real minima with no imaginary frequencies. The computed scaled vibrational frequencies for the molecular models SP1, SP2 and SP3, respectively, are presented in Section 5, Tables SM5, SM6 and SM7, together with the experimentally observed values (Hasan et al. 2002) . All the calculated frequencies were obtained adopting the C 1 symmetry and were scaled (Scott and Radom 1996) by factors of 0.8953, 0.9614 or 0.9573 for the HF/6-31G(d), B3LYP/6-31G(d) or B3PW91/6-31G(d) levels, respectively. The Tables SM5, SM6 and SM7 represent the full frequency range of each vibration, i.e. from free molecule to the adsorbed state. The computed IR spectra (without scaling) for models SP1, SP2 and SP3 are shown in Figure 8 . These spectra were obtained with the G03 program at the HF/6-31G(d) basis set. From Tables SM5-SM7 , it can be seen that the ν(O 2 -H 2 ) stretching frequency at the HF/6-31G(d) level is red-shifted by 127.0, 3.14 and 212.9 cm -1 for models SP1, SP2 and SP3, respectively. Moving to the B3LYP/6-31G(d) level, it is now seen that the ν(O 2 -H 2 ) stretching frequency is red-shifted by 321.1, 2.44 and 486.5 cm -1 for models SP1, SP2 and SP3, respectively. Calculations at the B3PW91/6-31G(d) level show that the ν(O 2 -H 2 ) stretching frequency is red-shifted by 337, 434.6 and 508.3 cm -1 , respectively, for models SP1, SP2 and SP3. This shift in the frequency of the silanol ν(O 2 -H 2 ) absorption upon adsorption can be taken as being indicative of the hydrogen bonding of the alcohol -OH group with the surface silanol group.
In model SP1 (Figure 3 ), the ν asym (CH 3 ) frequency occurs within the intervals 2940-2922, 3013-2996 and 3018-3000 cm -1 for HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d), respectively. All the intensities of ν asym (CH 3 ) and ν sym (CH 3 ) (Table SM5 ) are weak at all levels of study. It is clear that ν(O 3 -H 3 ) is most likely coupled with δ sym (CH 3 ). Absorption due to δ′(CH 3 ) and δ(O 3 -H 3 ) with a strong intensity is observed at 1101.7 cm -1 for the B3LYP/6-31G(d) level and at 1110.02 cm -1 for the B3PW91/6-3G(d) level. In model SP2 (Figure 3) , the ν asym (CH 3 ) absorption occurs within the 2937-2921, 3012-2995 and 3017-3000 cm -1 ranges for the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels. It is also clear from the tabulated data (Tables SM5-SM7) that the stretching vibrations of ν(O 2 -H 2 ) and ν(O 3 -H 3 ) in model SP3 (Figure 3) have the lowest frequency with the strongest intensity compared to those in models SP1 and SP2. Absorption due to the δ(O 3 -H 3 ) vibration alone is not seen in the corresponding spectrum (Figure 8 ). On the other hand, the δ(O 3 -H 3 ) vibration of the alcohol is most likely coupled with δ sym (CH 3 ); this may indicate that the adsorbed -OH group of the alcohol is not free to bend and thus occurs in a different frequency range from that observed experimentally. The spectrum corresponding to model SP3 (Figure 8 ) also shows an absence of absorption due to ν(C-O) and ν(C-C). The ν(C-O) and ν(C-C) vibrations are most probably coupled with δ(CH 3 ) and, hence, occur at low intensity. Strong absorption with strong intensity is due to δ′(CH 3 ) and is observed at 1074.56, 1077.02 and 1075.9 cm -1 for the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels, respectively.
Since model SP3 has the highest adsorption energy (Table 1, Figure 7) , it probably provides the most likely representation for the physical adsorption of 2-PrOH onto silica. Moreover, the bond arrangement in model SP3 can explain the absence of vibrations due to δ(O-H) (at 1250-1220 cm -1 ) arising from the -OH alcohol group in the room-temperature spectrum of adsorbed 2-PrOH on silica [ Figure 1(b) ]. This confirms that both the H and O atoms of the -OH alcohol group are involved in hydrogen bonding with the surface groups, thus restricting bond-bending in the R-O-H group.
Chemical adsorption of 2-PrOH molecules onto the SiO 2 surface
Molecular models SP4 and SP5 suggesting a possible representation of the chemical adsorption of 2-PrOH onto silica are depicted in Figure 4 . Calculations were undertaken at the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels. The corresponding optimized geometries and adsorption energies of the molecular models SP4 and SP5 are listed in Tables  SM8 and SM9 , respectively. For model SP4 (Figure 4) , the adsorption energy may be defined as the difference between the energy of the 2-PrOH/silica complex (model SP4) plus water and the energies of the individual silica cluster and the 2-PrOH molecule. In the case of model SP5 (Figure 4) , the adsorption energy is defined as the difference between the energy of model SP5 and the energies of the siloxane bridge (model S2) and the 2-PrOH molecule. As can be seen from Table SM8 (model SP4) Tables SM8 and SM9 , respectively. The magnitude of ADE c is -8.484 kJ/mol in model SP4 and at the HF/6-31G(d) level, while ADE c is endothermic with values of 6.33 kJ/mol and 10.345 kJ/mol, respectively, at the B3LYP/6-31G(d) and B3PW91/6-31G(d) levels. In model SP5, ADE c is highly exothermic and has a value of -226.9, -179.5 and -176.06 kJ/mol at the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels, respectively.
The vibrational frequencies of models SP4 and SP5 (Figure 4 ) are presented in Tables SM10 and  SM11 , respectively, and their corresponding IR spectra are depicted in Figure SM1 (Section 5).
In model SP4 (Table SM10) , the ν asym (CH 3 ) stretching frequency occurs within the range 2930-2906 cm -1 at the HF/6-31G(d) level and within the ranges 3021-3000 cm -1 and 3024-3000 cm -1 at the B3LYP/6-31G(d) and B3PW91/6-31G(d) levels, respectively. The δ asym (CH 3 ) occurs within the 1481-1414, 1480-1454 and 1470-1380 cm -1 ranges for the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels, respectively.
In model SP5 (Table SM11) , the ν(O 2 -H 11 ) stretching frequency occurs at 3712.97 cm -1 for the HF/6-31G(d) basis set, at 3647.21 cm -1 for the B3LYP/6-31G(d) basis set and at 3663.58 cm -1 for the B3PW91/6-31G(d) basis set. The ν(CH 3 ) stretching frequency occurs within the interval 2930-2840 cm -1 and within the ranges 3250-2935 cm -1 and 2023-2931 cm -1 for the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) basis sets, respectively. Good agreement was obtained on comparing the experimental value of δ sym (CH 3 ) and the calculated value at the B3LYP/6-31G(d) level. Absorption due to CH 3 rocking occurred over the 1042-924 cm -1 , 1033-906 cm -1 and 1035-912 cm -1 ranges at the HF/6-31G(d), B3LYP/6-31G(d) and B3PW91/6-31G(d) levels, respectively.
What is interesting is the considerable similarity between the bonding mode of 2-PrOH to siloxane bridges in model SP5 (Figure 4 ) and structure III (Scheme 1), the latter having been proposed solely on the basis of experimental results (Mertens and Tripiat 1973) . The observed dehydrogenation of 2-PrOH on silica at 300-500 o C (Knözinger and Stuhlin 1980) could provide strong support for the validity of model SP5, since it suggests the formation of a surface 2-propoxide species (C 3 H 7 O -). Such 2-propoxide species are widely accepted as surface intermediates for 2-PrOH dehydrogenation (and also dehydration) on metal oxide catalysts (Zaki and Sheppard 1983; Hussein et al. 1990; Hasan et al. 2002; Knözinger and Stuhlin 1980) . However, the absence of absorptions assignable to the ν(C-O) vibrations of the 2-propoxide species (at 1200-1100 cm -1 ) in the spectrum of 2-PrOH irreversibly adsorbed onto silica [ Figure 1(b) ] may imply that they are short-lived on silica surfaces.
CONCLUSIONS
Quantum chemical studies of the adsorption of 2-PrOH onto SiO 2 indicate that surface configurations where 2-PrOH molecules are bound to exposed silanol groups (≡SiOH) via two hydrogen bonds, with the alcohol -OH group acting simultaneously as a proton acceptor and donor, are the most relevant in the physical adsorption of 2-PrOH molecules. This is supported by energetic considerations (model SP3 having the highest adsorption energy) and also by vibrational analysis. For the chemisorption of 2-PrOH molecules onto silica, similar calculations indicate that bonding of 2-PrOH molecules with surface siloxane bridges (≡Si-O-Si≡) is responsible for the process, a presumption that is corroborated energetically. Figure SM1 and Tables SM1-SM11 are provided as supplementary material. 
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